Characteristics of estrus, mating, and pregnancy were studied in captive fennec foxes. The monestrous cycles had mean intervals of 9.9 (Ϯ1.2) months, whether or not pups survived to weaning. Proestrus, judged by vulval swelling, began 6.5 (Ϯ0.7) days before estrus and was not accompanied by sanguineous discharge. Percentage cornified epithelial cells in vaginal smears increased at the time of estrus. In 8 of 10 estrous periods, a single mating followed by an extremely long copulatory lock (mean 1 h 58 min) was observed during continuous video monitoring. In the other two cycles, copulation occurred 2 and 3 times. Patterns of both fecal and serum estradiol and progesterone concentrations during estrous cycles were similar to those reported for other canids.
Monestrous cycles, rare among mammals, are characterized by a single ovulatory period followed by pregnancy (if fertilization occurs) or by a prolonged diestrous phase (if nonfertile), then anestrus (Asa 1996; Conaway 1971) . Monestrum has been most often described for temperate-zone canid species that have only one estrous period during a restricted breeding season. However, monestrum does not define the number of estrous periods per year but describes the sequence of estrous cycle phases, that is, in a nonfertile cycle, monestrum comprises proestrus, estrus, diestrus, and anestrus, whereas polyestrum, in contrast, comprises proestrus, estrus, and diestrus followed immediately by proestrus without an intervening period of anestrus. Both monestrum and polyestrum can be either seasonal or continuous.
All canid species studied to date are reported to be monestrous (Asa 1997 (Asa , 1998 Asa and Valdespino 1998) , and most have only 1 seasonal cycle per year; anestrus accounts for the remainder of the annual cy-* Correspondent: asa@slu.edu cle. However, the vast majority of data are for temperate-and arctic-zone species, e.g., gray wolf (Canis lupus), coyote (C. latrans), red fox (Vulpes vulpes), and arctic fox (Alopex lagopus-for review see Asa and Valdespino, in press) . Little is known about tropical zone canids that, without the seasonal constraints faced by species at higher latitudes, might have nonseasonal, monestrous cycles like the domestic dog (mean cycle length approximately 8 months- Christie and Bell 1971) . In fact, the South American crab-eating fox, Cerdocyon thous (Brady 1978) and bush dog Speothos venaticus (Porton et al. 1987) can have a 2nd cycle within a year in captivity, at approximately 8-month intervals. Yet, despite their ability to enter estrus again in less than 12 months when in captivity, they are thought to reproduce only once per year in the wild, presumably where they are constrained by seasonally changing environmental variables.
A different reproductive response to captivity has been reported for the fennec fox, Vulpes zerda, which can produce a 2nd lit- ter if the 1st is lost (Koening 1970) . There are also anecdotal accounts of captive fennecs reproducing a 2nd time in less than a year even if pups survive. However, the fennec, widespread in the sandy deserts and semideserts of northern Africa and the northern Sinai (Saleh and Basuony 1998) , is reported to breed seasonally in the wild, with pups seen out of dens in March and April (Gauthier-Pilters 1967) , although no systematic study of reproduction has been performed either in captive or free-ranging fennecs.
Thus, an investigation of fennec fox reproduction would provide data under controlled conditions. The objectives of this study were to document: annual incidence of estrus; relative lengths of the proestrous, estrous, diestrous, and anestrous phases as well as of pregnancy; physiological correlates of the estrous cycle and pregnancy. Such data will establish fundamental parameters of female reproduction for a tropical canid and serve as a basis for comparison with canids from higher latitudes.
MATERIALS AND METHODS
To establish basic parameters of female fennec reproduction, we measured the two primary ovarian hormones, estradiol and progesterone. We also monitored physical and behavioral characteristics that might be stimulated by estradiol, such as vulval swelling, cornification of the vaginal epithelium, and mating behavior. Elevated progesterone was considered to be indicative of ovulation and associated with either pregnancy or the nonpregnant luteal phase.
A total of 6 females and 5 males were used during the study. Females were 1-7 years old at the time of the study (Table 1) . Two females were captured in the wild as pups for the pet trade, but the location of their capture is unknown. They were confiscated on entry into the United States and placed in zoos, as were the ancestors of the other captive born foxes.
Foxes were housed at the Saint Louis Zoo, St. Louis, Missouri (38Њ45ЈN, 90Њ15ЈW). The study was divided into 3 phases, based on changes in available housing (Fig. 1) . During period A (January-August 1996) there were 4 females and 3 males housed as 2 pairs and a trio (2 females with 1 male). Each set of 2-3 animals was maintained in separate rooms, all with a photoperiod of 10L: 14D and a temperature range of 18-25ЊC. One room (housing the trio) received a very low level of ambient light, so females 3 and 4 may have been affected by longer daylength in spring and summer.
During period B (August 1996-January 1997) 3 pairs were housed in 1 room and the 4th pair (male 2 and female 2; Fig. 1 ) in another which connected through an open door. The 3 pairs in the larger room were in visual as well as auditory and olfactory contact; the 4th pair was visually isolated from them. During period C (February 1997-August 1998), 2 of the 4 pairs (male and female 3 and male and female 4) were moved to a separate room because of concerns of possible crowding. During period C, the pairs in each room were in auditory and olfactory but not visual contact with the other pair. During the 2 years comprising periods B and C, temperatures ranged from 15-25ЊC, and the photoperiod was 12L:12D.
The composition of 3 social units changed during the study. Female 1a, who was euthanized after 17 months because of malignant mesothelioma unrelated to the study, was replaced with female 1b. Female 4, the 2nd female in the triad, was placed with male 4 at the end of period A. However, pair 4 was eliminated from the study after 17 months, because the female had shown no reproductive activity, and was replaced with pair 5.
Individual enclosures measured 2.5 by 1.25 by 2.00 m, with 3 solid wooden walls, 1 wire mesh wall, a wire top, and floor covered with either sand or wood shavings. Animals were fed dog chow (Laboratory Canine Diet #5006, PMI Nutrition International, Inc., St. Louis, Missouri), feline diet (ZuPreem Feline Diet, Premium Nutritional Products, Inc., Mission, Kansas; or Nebraska Feline Diet, North Platte, Nebraska), mice, beef bones, ground meat, fruits, and raisins.
Vulval length and width (edges defined by hair border) were measured twice per week with calipers to a precision of 0.5 mm, with the animal physically restrained. Vaginal epithelial cells were also collected at that time using a small, sterile cotton swab moistened with sterile saline and transferred to a glass microscope slide, air dried, and stained with Diff-Quik (American Scientific Products, McGaw Park, Illinois). One hundred epithelial cells were counted per slide and categorized as parabasal, intermediate, superficial, and anuclear superficial. Cell types are reported as percentages. Dominance by superficial (also called cornified) cells results from estrogen stimulation of the vaginal epithelium (Schutte 1967) .
Results from preliminary observations indicated that an increase of 4.0 mm in vulval length occurred at least several days before estrus and mating. Therefore, continuous time-lapse video tape recording, with infrared lighting at night (as described in London et al. 1998) , commenced when this increase was first detected and continued until 2 days postmating. To diagnose pregnancy, transabdominal ultrasound scans (Aloka 500V, 7.5 MHz linear array transducer; Corometrics, Medical Systems, Wallingford, Connecticut) were performed 2-4 weeks after mating was observed.
Increases in estradiol were expected to be associated with proestrus and estrus. Sustained elevations in progesterone indicated that ovulation had occurred and were assumed to be associated with corpora lutea activity during pregnancy or the nonpregnant luteal phase. Levels of estradiol and progesterone excreted in feces were compared with those measured in serum.
Blood samples were obtained from the jugular vein once every month starting in January 1996. Serum was separated following centrifugation and stored in cryo-tubes at Ϫ75ЊC until radioimmunoassay. The small size of the veins made serum samples difficult to obtain, and it was believed that more frequent attempts to draw blood would result in damage to the veins that might preclude sampling entirely. Sampling once in a month did not seem to be unduly stressful to the foxes nor damaging to the veins. However, hormonal changes during the periovulatory period can occur very rapidly, so hormones were also measured from fecal samples that could be collected more frequently. Females were separated from males each week for 20 min and fed ground meat containing red plastic beads (3 mm in diameter, Cabela's Inc., Sidney, Nebraska) to distinguish fecal samples of males and females. All feces present in the cage were collected 24 h later, and those from females were stored in plastic freezer bags at Ϫ75ЊC until assay.
Fecal steroids were solubilized using a modification of the method of Shideler et al. (1993) by Bauman and Hardin (1998) . Approximately 0.5 g of fecal material was shaken overnight in 5 ml modified phosphate-saline buffer containing 50% methanol, 0.1% bovine serum albumin, and 5% Tween 20 (polyoxyethylene sorbitan monolaurate, a surfactant). Following centrifugation, supernatants were decanted and stored at Ϫ70ЊC until assay. Solid matter remaining in the extraction vials was weighed after drying overnight at 100ЊC. Levels of estradiol from serum and feces were quantified using the Ultra-Sensitive Estradiol DSL-4800 kit (Diagnostic Systems Laboratories, Webster, Texas). The antibody has a high affinity for estradiol and low crossreactivity with other naturally occurring estrogens (2.4% estrone, 0.20% estrone-␤-D-glucuronide, 0.01% estrone-3-sulfate, 0.34% equilin, 3.40% D-equilenin, 0.21% 17␣-estradiol, 0.21% 16-ketoestradiol, 2.56% 17␤-estradiol-3-glucuronide, 0.17% estradiol-3-SO 4 , and 0.64% estriol). The assay has a sensitivity of 2.2 pg/ml with the lowest standard used being 3 pg/ml. The intra-assay coefficient of variation was 7.48% and the interassay coefficients of variation for 4 separate internal controls were 16.5%, 14.2%, 14.0%, and 15.9% for serum and 20.27%, 17.95%, 16.58%, and 21.76% for fecal assays.
Progesterone was measured using an Active Progesterone DSL-3900 kit (Diagnostic Systems Laboratories.). The antibody crossreactivities are progesterone, 100%; 5-pregnane-3,20-dione, 6%; 11-deoxycorticosterone, 2.5%; 17-hydroxyprogesterone, 1.2%; 5␤-pregnane-3,20-dione, 0.80%; 11-deoxycortisol, 0.48%; and 20␣-dihydroprogesterone, 0.10%. The assay has a sensitivity of 0.12 ng/ml, with 0.4 ng/ml being the lowest standard used. Intra-assay coefficient of variation was 4.5%, and the interassay coefficients of variation for 3 internal controls were 9.8%, 6.1%, and 7.2% for serum and 14.29%, 9.31%, and 10.24% for feces.
Differences in levels of estradiol and progesterone between pregnant and pseudopregnant females (normalized by day of mating) during anestrus, proestrus, and pregnancy were tested with a repeated-measures analysis of variance (ANOVA). Tukey-Kramer multiple-comparison tests were run when significant differences were found (NCSS 2000, Statistical System for Windows). Results are presented as mean Ϯ 1 SE.
RESULTS
Patterns of progesterone and estradiol concentrations were similar in fecal and serum samples (Fig. 2, progesterone) , which allowed us to rely on fecal samples, which could be collected more frequently. Ten estrous periods (1-4 per female) accompanied by mating were documented in 4 of the 6 females (Fig. 3) . The 5th (female 1b) appeared to be in estrus when she was added to the study and her elevated fecal estradiol and progesterone suggested at least 1 more estrous period, but she was not observed mating. Female 4, in the 26 months she was monitored, had 1 period of elevated fecal estradiol and progesterone (Fig. 3) , suggesting possible estrous and diestrous phases, but she also did not mate.
For the 10 observed estrous periods with mating, 1st day of mating occurred at 6.5 Ϯ 0.73 days (range 2-9 days) after 1st increase in vulval swelling (Ն4 mm change). No sanguineous discharge was detected for any female either on the perineal area or in vaginal smears. All 10 estrous periods accompanied by mating were followed by pregnancy, which was confirmed by ultrasound examination Յ3 weeks after mating (earliest detection at 19 days). Pups were born 50.3 Ϯ 0.26 days (range 49-51 days) after mating.
There were no differences between estradiol concentrations of pregnant and nonpregnant females. However, in the nonmated females, sustained increases in fecal progesterone levels followed vulval enlargement, suggesting ovulation, but levels were significantly lower than those measured during pregnancy (F ϭ 5.78, d.f. ϭ 1, 53, P Ͻ 0.05).
Changes in vulval size and in percentage cell types in vaginal smears were also evaluated by normalizing data around the day foxes mated (Figs. 4 and 5 ). The number of data points for each day varied because samples were collected 3 times per week, not daily. Thus, when aligned to day of mating, all the sampling dates did not coincide. Both vulval size and percentage superficial epithelial cells were maximal at the time the foxes mated. The increase in vulval size was more gradual than that of increase in percentage of superficial cells and so was not only diagnostic but also predictive of estrus. In 8 of 10 estrous cycles, there was only 1 copulatory lock. Mean duration of those locks was 1 h 47 min (Ϯ17 min), ranging from 26 min to 2 h 45 min. In the other 2 estrous periods, there were multiple copulatory locks: 1 on each of 3 consecutive days for female 1a and 2 on the same day for female 3 (Table 1) . Only 2 of 13 copulatory locks (Table 1 ) took place during work hours (0700-1700 h), and even these were not directly observed but only seen on video.
There was considerable variability in the month that estrus occurred (January-July and September), but the absence of any estrous periods in October, November, or De- cember suggests a seasonal tendency (Table  1) for early rather than late in the year.
None of the pups were left with the parents until adulthood. Pups that survived (infanticide is not uncommon in captive fennecs) were removed at the time of weaning at about 16 weeks. Interbirth interval for the 2 females that did not have surviving litters was 297.4 Ϯ 36.6 days, ranging from 230 to 433 days. The mean period of anestrus, from parturition until next estrus, for these females was 243.6 Ϯ 38.3 days, ranging from 171 to 384 days. In contrast, the shortest interbirth interval recorded during the study (184 days) was for female 1a, whose pups survived but were removed at 98 days of age after weaning. She mated 30 days following their removal. Unfortunately, the other surviving litters were produced following the mother's last estrous period of the study, so subsequent interbirth intervals could not be calculated.
DISCUSSION
Basic features of the fennec fox ovulatory cycle and pregnancy were similar to those described for most other canids (Asa 1997 (Asa , 1998 . The cycle was monestrous (i.e., a period of anestrus separated diestrus or lactation from the subsequent proestrus), vulval swelling and increased cornification of the vaginal epithelium identified proestrus, and a copulatory lock accompanied mating. Patterns of estradiol and progesterone concentrations during fertile cycles were also comparable to those of other canids (Bonnin et al. 1978; Concannon et al. 1975 Concannon et al. , 1977 Møller 1973; Mondain-Monval et al. 1977; Seal et al. 1979; Valtonen et al. 1978) . Gestation length, 49-51 days, was similar to that previously reported for fennecs (Gauthier-Pilters 1967; Petter 1957) and differed little from that of other small canids (Asa and Valdespino, in press ).
Onset of estrus could be anticipated and predicted by the proestrus increase in vulval size (width Ն 4 mm) 2-9 days before mating began. Changes in vaginal cytology (i.e., increased percentage of superficial and anuclear epithelial cells) were associated with estrus, as in the domestic dog (Schutte 1967 ), but could not be detected enough in advance of estrus to be predictive. There was no evidence in the vaginal smears of the sanguineous discharge, which is seen in species of the genus Canis but that is absent in other canids (Asa 1997 (Asa , 1998 .
In contrast to results from most canids, several aspects of the fennec estrous cycle and mating were unusual. Estrus (defined as the period the female was receptive to mating) was only 1 day for 9 of the 10 estrous cycles in this study, the shortest reported for any canid, most of which have estrous periods of 2-7 days (Brady 1978; Dietz 1984; Kennelly and Johns 1976; Mech 1970; Møller et al. 1984; Paulraj et al. 1992; Porton et al. 1987; Rosenberg 1971; Valtonen et al. 1977; van Heerden and Kuhn 1985) .
All females that mated became pregnant; however, 2 females did not mate, although changes in their vulval size, vaginal cytology, and fecal estradiol levels suggested proestrous stimulation. These apparent proestrous periods were followed by elevations in progesterone that were sustained but attenuated compared with that of pregnant females. In other canid species, females that ovulate and do not mate, or who have infertile matings, undergo a prolonged luteal or diestrous phase that is hormonally equivalent to pregnancy and so is often called pseudopregnancy (Asa 1996 (Asa , 1997 (Asa , 1998 Asa and Valdespino 1998) . If the luteal phases of the nonpregnant female fennecs in this study were indeed representative of pseudopregnancy, they differed from the canid mode in being attenuated. It is possible, though, that they were not representative, because the females failed to mate despite the presence of males. In 1 case, the female (1b) appeared to reject the male, whereas the other case occurred during period A when 2 females were housed with a single male. The male mated with female 3, who entered estrus 1st, but ignored female 4 whose proestrus began a few weeks later, perhaps because he had established a pair bond with female 3. Refusal by red fox (V. vulpes) males to mate with a 2nd female has been presumed to be because of pair bonding with the 1st female (Rowlands and Parks 1935) . Alternatively, if some aspect of estrus and ovulation was abnormal (resulting in failure to mate), the ensuing luteal phase may have been abnormal as well. However, estradiol levels did not differ from those of mated, pregnant females, suggesting that follicular development and proestrus were normal.
The length of the copulatory lock in the fennecs in this study was remarkable. Copulatory locks in other canids are typically 5-20 min (Brady 1978; Da Silveira 1968; Kleiman 1968; Mech 1970; Pearson and Bassett 1946; Sosnovskii 1967) , with the longest single instance reported to be 67 min in a silver fox pair (Pearson and Bassett 1946) . Other canids typically mate multiple times during each estrous period, and, furthermore, that reported frequency is probably low as no previous study used continuous video monitoring. In our study, in 8 of 10 cases fennec pairs mated once per estrous period with a mean copulatory lock duration of almost 2 h (maximum 2 h 45 min), even longer than the mean of 1 h 15 min reported for fennecs by Petter (1957) . Two females in our study copulated 2 and 3 times, respectively, in each of 2 estrous periods, but these copulations were considerably shorter, ranging from Ͻ1 min to 39 min. The observation that single copulations were longer than multiple ones suggests that a minimum stimulation or sperm transfer time may be important for fertilization, adequate luteal function, or pair bonding.
Still, the reason fennecs more often engage in 1 prolonged copulation rather than multiple shorter ones is unclear. Given their presumed vulnerability to predators (jackals, hyenas, and vultures-Gauthier-Pilters 1967) , long copulatory locks would seem maladaptive, unless mating occurs in protected areas, such as underground burrows. In fact, in our study 11 of 13 copulations took place when the buildings were closed, and none occurred in the presence of people, suggesting that the foxes were being surreptitious.
Another potential influence on luteal phase adequacy is the degree of copulatory stimulation. Although never reported for canids, copulation is required for sustained corpus luteum function in some rodents (e.g., mice, rats, and hamsters -Conaway 1971) . It is possible that full luteal stimulation in fennecs might also require copulation.
Although not synchronous, distribution of estrous periods in this study did not appear random. All 10 occurred during the first 9 months of the year, although the mean interestrous interval was just under 10 months. The foxes were kept at a photoperiod of 10L:14D only during the first 8 months of the study, then moved to quarters where lights could be controlled at 12L: 12D (with the intent of minimizing the influence of photoperiodic cues on the expression of estrus) during the subsequent 2 years. Because the animals were housed indoors with little annual temperature variation, a continuously high plane of nutrition, and, during the last 2 years of study, with a constant photoperiod, the distribution of estrous periods may represent free-running circannual cycles.
Captive fennecs maintained under continuous long days (14L:10D) for 20 months failed to reproduce (Brambell 1974) , suggesting that reproduction is inhibited in this species by long days. The same foxes subsequently bred regularly once per year when placed under a variable light regime said to approximate that of their native range at 30Њ latitude, although those light parameters were not reported. Five of the 6 foxes in the current study did reproduce under photoperiods of both 10L:14D and 12L: 12D, indicating that, although long days may be inhibitory, short days (Ͻ12 h light/ day) are not necessary to stimulate reproductive activity.
Two other small canid species in captivity in North America exhibit estrus at about 8-month intervals: the crab-eating fox (Brady 1978) and the bush dog (Porton et al. 1987) . Unfortunately, photoperiod, temperature, and diet were either not controlled or not reported in those studies. However, it is likely that the animals were housed indoors or at least provided access to heated, artificially lighted quarters. The data available suggest that some aspect of captivity is responsible for release from environmental constraint, as none of these species is known to reproduce more than once per year in the wild. However, they have not been extensively studied throughout their natural ranges, so the degree of reproductive flexibility is unknown.
Domestic dogs also have a mean interestrus interval of about 8 months (Christie and Bell 1971) , even though they are descended from gray wolves, a species that breeds at strictly 1-year intervals (Mech 1970; Seal et al. 1979) . Whether the 8-month dog cycle reflects release from environmental or from genetic constraints has not been systematically investigated.
The natural ranges of the 3 species that are reported to ovulate at intervals of Ͻ12 months in captivity (fennecs, crab-eating foxes, and bush dogs) are primarily at lower latitudes, Յ30Њ, which suggests that they might be less likely to rely on photoperiodic changes. However, comparable data from captivity, with its modified environmental conditions, do not exist for most temperatezone canids, as they are not regularly kept indoors when captive. An exception is the silver fox, a farmed variant of the red fox, which has been studied under conditions of controlled photoperiod, although data have only been published for males (Forsberg et al. 1989 ). Short days stimulate testis growth and long days result in testis regression; however, under continuous short days testes finally regress. Conditions of 12L:12D photoperiod were not evaluated.
More complete information on reproductive seasonality is available for the African wild dog, Lycaon pictus, which breeds seasonally in some parts of its range (primarily at Ͼ30Њ in South Africa) and aseasonally at more equatorial latitudes (Frame et al. 1979) . But even where breeding is aseasonal, the female wild dog produces only 1 litter per year. The only exception occurs when a female loses her 1st litter and may be able to produce another that same year.
Bat-eared foxes (Otocyon megalotis) in captivity can also produce a 2nd litter within a year if the 1st dies (Rosenberg 1971) , and it is known to breed aseasonally in the wild (Malcolm 1986 ). In captive bush dogs, when a litter was lost or removed before 4 months of age, the subsequent estrous period occurred sooner than when pups were raised to weaning (Porton et al. 1987) . Thus, in these instances, the shorter interbirth interval depended on the loss of young, possibly influenced by the ensuing release from lactational suppression. However, in our study, the shortest interbirth interval occurred when the litter survived to weaning (female 1a; Table 1 ), indicating that the interval to the next ovulation is not primarily a function of lactational suppression in this species.
A private breeder of fennec foxes in southern California has found that as many as 3 litters can be produced per year by some females if the pups of each litter are removed at birth. Still, reproduction is not continuous but ceases in fall and recommences early the next year (L. Hall, in litt.), suggesting photoperiodic influence. Although the current study provides substantial new information about fennec fox reproduction, further investigation of responses to photoperiod manipulations combined with observations from the wild will be necessary to better understand the mechanisms of ovulatory cycle control.
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